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Introduction
Single crystals, especially calcium fluoride (CaF 2 ) single crystals, are required as starting materials for optical components in DUV-photolithography, such as steppers or excimer lasers. They are conventionally used as lenses or prisms [1, 2] . They are especially used to optically copy fine structures into integrated circuits, computer chips and/or photolacquer-coated wafers [3, 4] . Crystals, in principle, can be grown from the gas phase, the melt, from solution and even from a solid phase by recrystallization or solid body diffusion [5] . Different processes for crystal growth are described in text books for crystal growth, such as the 1088 page work of Wilke and Bohm [6] .
For excellent optical quality, intense studies have been undertaken on each stage of producing CaF 2 crystal, from raw materials purification [7, 8] , growth parameters optimization [9] , growth technique innovation [10] [11] [12] , annealing [13] and surface machining improvement [14] . Among these stages, crystal growth technique is the most radical and crucial. The main techniques for CaF 2 single crystal growth are the Czochralski [15] , Bridgman-Stockbarger [11] , and gradient solidification methods [10] , which all possess respective advantages and drawbacks. It seems significant to find a more effective method for high-quality and large-dimension CaF 2 crystals. However single crystals for industrial applications are usually grown by solidification from a melt [16] . The so-called StockbargerBridgeman and the vertical gradient freeze processes are used for industrial manufacture of single crystals [17] . The crystals are grown in a drawing oven and in a vacuum of 10 -4 to 10 -5 mbar in the Stockbarger-Bridgeman method. A crystalline raw material is melted, so that a homogeneous single crystal is obtained with exacting control of temperature. CaF 2 single crystals of more than 10 inches in diameter are required for the lens materials. Such large CaF 2 single crystals are grown by the Czochralski method [18, 19] or the vertical Bridgman method [20, 21] . CaF 2 is an ionic crystal with the fluorite structure [22] . Unit cell of CaF 2 is presented in Fig. 1 . The crystal lattice is a face centered cubic (fcc) structure with three sublattices. The fluorite structure, seen in calcium fluoride, has the calcium ions in a face centered cubic array with the fluoride ions in all (8) of the tetrahedral holes. The fluoride ions have a coordination number 4, and the calcium ions have a coordination number 8. The natural cleavage plane of the crystal is the <111> surface. In Fig. 1 , the four possible <111> planes are defined by F --ion Ca
2+
-ion a respective triple of the four Ca 2+ ions [23] . The melting point of CaF 2 is at 1347 °C. At a temperature of 1147 °C, a maximum of the specific heat is observed that is caused by melting of the fluorine sublattice. The fluorine ions are randomly distributed over the normal lattice sites (tetrahedral coordinated) and the interstitial sites (octahedral coordinated). The ionic mobility consequently becomes very high. The behavior is known as superionic conduction, it is observed in a variety of materials with the fluorite structure [24] . Single crystal CaF 2 used in the optical devices can be of natural origin -fluorite, under which name is often referred to in literature [25] , and synthetic single crystal CaF 2 which is usually obtained by the growth from the melt. CaF 2 requires the use of special growth conditions to obtain quality crystals because of its specific chemical and physical properties: relatively high melting point (over 1300 °C), high chemical aggressiveness of fluorine at these temperatures, relatively small chemical stability at high temperatures and very strong ability to react with traces of water vapor. Therefore, the growth of a single crystal CaF 2 may take place either in vacuum or in an inert gas atmosphere (argon or helium) at purity of at least 99.99% in order to prevent the presence of traces of moisture or oxygen.
It may be noted that the Bridgman method is one of the most popular methods of crystal growth because it is very easy to perform in a vacuum and in an inert atmosphere [26, 27] . The method consists in the fact that the rate of the entire batch of CaF 2 in the crucible, which is of cylindrical shape with a conical bottom, and then is lowered into the crucible colder part of the furnace, so that the crystallization process begins at the bottom of the crucible at the top of the cone. Reviewing the literature it can be noted that the crucible can be made from spectroscopically pure graphite [20, 21, 25, 28, 29] or platinum [30] .
The aim of our work was to produce CaF 2 single crystal of good optical quality. The structural and optical properties obtained crystals were characterized using Raman, IR and luminescence spectroscopy.
Experimental procedure
The BCG365 device was used to obtain single crystals of CaF 2 by Bridgman method. Initial samples of single crystals were mostly transparent, but some were cracked. Therefore, we had to make some changes in conditions of growth and construction of crucible. Experiments have been performed with CaF 2 in the form of a powder. The CaF 2 powder was compacted and sintered in the form of tablets. Crucible could easily be filled with such obtained tablets. Powder CaF 2 (Rare Earth Products Limited) purity of 99.99% was used in the experiment. It was compacted under a pressure of 3500 kg cm -2 , and the sintering of the obtained tablets was carried out at 900 °C under an inert atmosphere of argon. We tried out combinations of various growth rates and generator powers with the aim to define the optimal growth conditions. Power generator was initially P gen = 3.8 kW, and was later increased to P gen = 3.94 kW. The crystal growth rates were 6 mm h -1 , 12 mm h -1
, 24 mm h -1 , and 48 mm h -1 . The observations relating to the dislocation were recorded by observing an etched surface of CaF 2 crystal, using a Metaval of Carl Zeiss Java metallographic microscope with magnification of 270x. A selected CaF 2 single crystal was cut into several tiles with the diamond saw. The plates were polished, first with the silicon carbide, then the paraffin oil, and finally with a diamond paste. The obtained finely polished sample, which were later used for the characterization of Raman, IR and luminescence spectroscopy. The crystal plane of cleavage of calcium fluoride crystal is <111>. Thin panels for testing dislocations we obtained by splitting of individual pieces of crystal. Conc. H 2 SO 4 is used as an etching solution, gave a sample that was etched for 15 min.
The Raman scattering measurements of CaF 2 crystal was performed in the backscattering geometry at room temperature in the air using a Jobin-Yvon T64000 triple spectrometer, equipped with a confocal microscope (100x) and a nitrogen-cooled charge coupled device detector (CCD). The spectra have been excited by a 514.5 nm line of Coherent Innova 99 Ar + -ion laser with an output power of less than 20 mW to avoid local heating due to laser irradiation. Spectra were recorded in the range from 100 to 800 cm -1 . The room temperature far-infrared reflectivity measurements was carried out with a BOMEM DA-8 FIR spectrometer. A DTGS pyroelectric detector was used to cover the wave number range from 50 to 600 cm -1 . Photoluminescence (PL) studies reported in this work were performed at room temperature using Optical Parametric Oscillator (Vibrant OPO) tuned at 350 nm as excitation source. Time resolved streak images of the emission spectrum excited by OPO system are collected by using a spectrograph (SpectraPro 2300i) and recorded with a Hamamatsu streak camera (model C4334). All streak camera operations are controlled by the HPD-TA (High Performance Digital Temporal Analyzer) software. (Fig. 2) . The general conclusion is that in all samples relatively high dislocation density was observed (ranging from 60000 to 140000) as a consequence of greater internal stresses, which have emerged in the process of cooling. From the Fig. 3 , the dislocations of CaF 2 can be observed. Etch pits have the shape of a three-sided pyramid. Number of dislocations in CaF 2 crystals which were made by the method of Bridgman was 5x10 4 In order to eliminate stresses in the crystal, we did a crystal annealing. The process of annealing was carried out on the plate and bulk crystal CaF 2 in the inert atmosphere of argon. The temperature of annealing of the plate was 1000 °C for 3 h, and the temperature of annealing of the bulk crystal was 1000 °C and 1080 °C for 1 -3 h. It was noticed that after annealing, plate CaF 2 had very little stress. Annealed bulk single crystal CaF 2 had less stress than non-annealed. Upon the completion of annealing it has been observed that the crystal on the surface has a thin milky-white layer, so it is assumed that oxygen is diffused very shallow in the crystal forming CaO.
Results and discussions
As for group theory analysis, three atoms in cubic O 5 h (Fm3m) primitive cell of the CaF 2 crystal give nine fundamental vibrations, described by the following O h -irreducible representations (at k = 0): Γ = 2T 1u (IR) + T 2g (Raman). According to several comprehensive work (e.g. [31] [32] [33] [34] [35] [36] ), their distribution among optical and acoustical are: the triply degenerate T 2g optical phonon is Raman active and IR inactive; one of the T 1u representations (triply degenerate as well) corresponds to the zero frequency acoustic mode, while the other T 1u mode is actually split into a double degenerate transverse optical mode and a nondegenerate longitudinal optical mode, all the above are IR active. The room-temperature first order T 2g one-band Raman scattering spectrum of CaF 2 crystal is shown in Fig. 4 The far-infrared reflectivity spectrum of the CaF 2 substrate is shown in Fig. 5 . As a result of the best fit we obtained the ω TO = 272 cm -1 and ω LO = 475 cm -1 , little higher than in Ref. [40] (TO/LO = 257/463). In pure CaF 2 , only two infrared active modes are allowed by the crystal symmetry (split TO-LO mode), but we see that the main reflectivity band of CaF 2 exhibits a feature centered about 360 cm -1 as a result of a two-phonon combination. This feature has been observed in all stoichiometric fluorite-structured crystals [41] . There are two additional weak modes with relatively high dampings in the range of low energies. We suppose that mode about 130 cm -1 could be caused by crystal impurities and about 200 cm -1 is a TO-mode from the X point <100>. Kramers-Kröning analysis of far-IR reflectance data gives ω TO = 272 cm -1 and ω LO = 475 cm -1 , in the accordance with fitting procedure (Fig. 5) . We have measured the photoluminescence response of the CaF 2 crystal sample for various excitation wavelengths and different angles of excitation beam. The streak image of the fluorescence emission spectrum of CaF 2 is presented in Fig. 6a . The photoluminescence response was very small, see Fig. 6a where typical optical response of sample is presented. Although the streak images were acquired in photon counting mode using very large number of expositions (20000), very small number of photons were counted. The vertical axis in Fig. 6a corresponds to the fluorescence development in time domain of 200 ns. The beginning of the vertical axis is cut off in order to avoid undesirable part of the spectra (excitation at 320 nm and second harmonic of Nd:YAG laser at 532 nm). Enlarged integrated profile of the fluorescence of CaF 2 is presented in Fig. 6b . Our pure sample of CaF 2 crystal shows a broad band in 300-500 nm range. A fluorescence spectrum is obtained by averaging all events in time range from 12 ns to 190 ns after excitation. Maximum of fluorescence is on 398 nm. As pointed out in [40] this band might be induced due to the formation of color centers. These centers perhaps could be created by oxygen defects within the host of CaF 2 . However, the occurrence of defects in crystal is very rare compared to the nanostructures described in [42] , so the luminescence of our sample is very weak compared to the luminescence of structure described in [42] . To obtain good luminescence response, the samples of CaF 2 are doped with Ag, Eu, Tb, Cu or Dy [42, 43] . However, CaF 2 crystal is usually used in applications where high optical transmission is needed and photoluminescence is not desirable characteristics [44] .
The fluorescence line profile (fluorescence decay) from image Fig. 6a is selected using the integration process in region from 340 nm to 460 nm. That profile is fitted using High Performance Digital Temporal Analyzer (HPD-TA) software, provided by Hamamatsu. The fluorescence decay is integrated in the range from 375 nm to 425 nm. Estimated lifetime of fluorescence, τ = 33 ns (χ2 = 1.07), is obtained by fitting of integrated temporal profile.
The properties of the crystal, such as density of dislocations, cystallinity, and impurities concentrations, determine the optical quality.
Conclusions
CaF 2 single crystals in diameter of 20 mm are obtained by the vertical Bridgman method in vacuum. The crystal growth rate was 6.0 mm h -1 . In order to eliminate stresses in the crystal, a crystal annealing is carried out on the plate and bulk CaF 2 . Number of dislocations is of the order of 5×10 4 -2×10 5 per cm 2 . The Raman T 2g optical mode at 319.7 cm -1 was observed. Kramers-Kröning analyses of the far-IR reflectance data for fluorite structure, as well as the fitting procedure, gave the same values for IR modes: ω TO = 272 cm -1 and ω LO = 475 cm -1 . Based on our work and observations during the experiment, it could be concluded that the obtained CaF 2 single crystal is of good optical quality, which was the goal of our work.
